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Thermal rectification refers to the phenomenon by which the magnitude of the heat flux in one direction is much
larger than that in the opposite direction. In this study, we propose to implement the thermal rectification phenomenon
in an asymmetric solid-liquid—solid sandwiched system with a nano-structured interface. By using the non-equilibrium
molecular dynamics simulations, the thermal transport through the solid—liquid—solid system is examined, and the thermal
rectification phenomenon can be observed. It is revealed that the thermal rectification effect can be attributed to the signifi-
cant difference in the interfacial thermal resistance between Cassie and Wenzel states when reversing the temperature bias.
In addition, effects of the liquid density, solid—liquid bonding strength and nanostructure size on the thermal rectification
are examined. The findings may provide a new way for designs of certain thermal devices.
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1. Introduction

Thermal rectification is a special heat transfer phe-
nomenon by which the heat flux depends on the direction of
the temperature gradient.!":?] For a thermal rectifier, the mag-
nitude of the heat flux in one direction is much larger than that
in the opposite direction. Thermal rectification is of broad in-
terest because it can be employed to control heat transfer and
has potential applications in thermal computers, 3! recycling
waste heat energy, %! information processing,8! and efficient
use of the building energy.[*10]

In the past decades, the thermal rectification phenomenon
has been investigated in solid materials with asymmet-
ric structures.['1=29) In 1936, the thermal rectification phe-
nomenon has been reported in a system with copper/cuprous
oxide interface, which is caused by the electron—phonon scat-
tering at the interface.!'!! Then, several thermal rectification
mechanisms have been proposed, including the thermal po-
tential barrier at the interface,!'?! temperature-dependent in-
terfacial thermal resistance or bulk thermal conductivity,[!3-14]
asymmetric nanostructures,!'>! and electron transfer.!'®) How-
ever, the thermal rectification effect is relatively weak. In a
two-segment Frenkel-Kontorova lattice, a significant thermal
rectification effect has been reported based on the temperature-
dependent phonon band, and the ratio of the heat flux in
the two opposite directions is larger than 100 times.!!7-!8]
However, this ratio will decrease dramatically with increas-
ing system size.['”) In experiments, thermal rectification
effect has been observed in some low-dimensional nano-
materials. A solid-state thermal rectification phenomenon has

been reported in carbon and boron nitride nanotubes with
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non-uniformly mass density, which is caused by the asym-
metrical soliton transport.?’) The thermal rectification has
also been experimentally studied in monolayer lateral het-
erojunctions, and it provides a platform for designing ther-
mal rectifiers.?1:>?l However, the primary drawbacks of ther-
mal rectification in solid lattice systems are manufacturing
difficulty.[?3-27]

Recently, thermal rectification through solid-liquid (S—-L)
interfaces has been proposed, wherein the thermal rectifica-
tion can be manipulated by varying the temperature and pres-
sure of the system. [30-37] 1 Ref. [30], the thermal rectification
phenomenon has been reported in an interfacial system with
water and self-assembled monolayers silica, which is caused
by the strong temperature dependence of the hydrogen bonds
in water. Thermal rectification can also be achieved by vary-
ing the interfacial properties of the S—L interface, 3!-?] apply-
ing an external force (electric or magnetic field) on the liquid
molecules, 32 surface modifications with soft material,®!! dif-
ferent molecular mass between two artificial solid walls*3 or
asymmetric molecular adsorption on the solid surface.34-3%]
Although various thermal rectification models have been pro-
posed, the thermal rectification effect in S-L systems is still
limited, and the underlying mechanism for thermal rectifica-
tion is still far from clarity.

The emergence of thermal rectification is generally at-
tributed to some thermal transport properties which are
temperature-dependent. 3% For solid—liquid interfacial ther-
mal transport, the interfacial thermal resistance (ITR)
plays an important role, which depends on the interfacial
properties.[*1=#8] For a solid-liquid interface with nanostruc-
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tured groves on the surface, its wettability state can be in the
Cassie state and Wenzel state, depending on whether liquid

s.14931 For the Cassie

molecules enter into the nanogroove
state, there are almost no fluid molecules inside the grooves;
while for the Wenzel state, all grooves are filled with fluid
molecules. The wetting transition between Cassie and Wenzel
states is temperature-dependent and can cause sharp change
in ITR. Thus, thermal rectification phenomenon may be real-
ized in an S-L system by using the wetting transition between
Cassie and Wenzel states.

In the present paper, a new thermal rectification mech-
anism is proposed in a heterogeneous nanostructured system
by using the transition between Cassie and Wenzel wetting
states. Based on the non-equilibrium molecular dynamics
(NEMD) simulations, the thermal transport through a solid—
liquid—solid system is investigated, and the thermal rectifica-
tion phenomenon can be observed. Based on the calculation of
the ITR, molecular density distribution, temperature distribu-
tion, the mechanism of thermal rectification is analyzed. In ad-
dition, we also examine the effect of the liquid density, solid—
liquid bonding strength and nanostructure size on the thermal
rectification.

2. Molecular dynamics simulation

The MD simulations were conducted by using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) packages.?! Figure 1(a) shows a snapshot of
the simulation system, which is composed of two outer solids
(gold) and a fluid (argon) confined in the middle (a sandwiched
system). The length of the system in y-direction is 8.2 nm,
wherein the two solids have the same length of 1.0 nm, and
the distance between the two outer solids is 6.2 nm. The
cross-sectional area is 3.5 nmx5.0 nm in the x—z plane. The
nanoribs are introduced on the left solid interface, wherein the
height, width and spacing of the nanoribs structure are equal
to 0.8 nm. The outermost atom layers in the y-direction are
fixed (fixed boundary), and periodic boundary conditions are
applied in x and z directions. The lattice constant of Au is
a = 0.406 nm. Each bare surface consists of three layers face-
centered cubic (FCC, {1 1 1} plane) Au-based solid. The num-
ber of fluid molecules of argon is Ng = 1260.

The interactions between fluid molecules is described
by the Lennard-Jones (LJ) potential, U;; = 4¢[(o/ri;)1? —
(0/ri;)®], where r;; is the distance between atoms i and j,
o and € are the collision diameter and the potential well
depth. The LJ potential parameters of argon are summarized
in Table 1.153] The interactions between solid—solid and solid—

liquid atoms are modeled by Morse potential

Uij — D efzoc(r,-jfro) 726706(’.[].7’.0)] , (1)

where D is the potential well depth, o and ry are the well
width and collision diameter for the Morse potential, respec-
tively. The atomic interaction parameters are listed in Table 1,
in which superscripts s and 1 represent the solid and liquid

5.04331 A coupling parameter ¢ is introduced to de-

molecule
scribe the S—L interfacial coupling strength, D% = ¢D®. In the
present paper, the coupling parameter c is set to be 0.05, at
which the S—L surface is hydrophobic and the contact angle is

about 140°.

(b) Wenzel state

T, T >Tr Tk

Fig. 1. (a) Snapshot of the thermal rectification simulation system;
(b) g+ for the high thermal transport of Wenzel state; (c) g— for the
low thermal transport of Cassie state.

Table 1. Potential parameters.

o (nm) £ (V) D*s (eV) o (nm~!)
0.3405 0.10324 0.4905 0.166136
re (nm) DY (eV) o (nm™1) rf,l (nm)
0.299032 0.01395 0.13781 0.41024

The velocity-verlet algorithm is applied to integrate the
equations of motion for the atoms. The time-step Ar =1 fs.
For all inter-molecular interactions, the cut-off distance is set
as 1.0 nm. The whole system is first equilibrated at temper-
ature T for 2 ns by using the Langevin thermostat (NVT en-
semble). Then, the thermal thermostat is removed and the sys-
tem is relaxed at the NVE ensemble for 1 ns. After that, the
Langevin thermostats with temperatures 71, and TR are applied
to the three layers adjacent to the leftmost and rightmost lay-
ers, respectively. After running for 20 ns, the non-equilibrium
steady state is established. The following 10 ns is used for
information collection. The heat flux is calculated by

q=AE/(Ar-A), 0

where AE is the average energy removed in the cold thermo-
stat and added in the hot thermostat, At is the time step, A is
the cross section area in the x—z plane. To minimize statisti-
cal error, at least five independent simulations with different
initial conditions (atoms with different initial velocities which
follow the same Maxwell velocity distribution) are conducted
and the averaged value is considered as the final result.

In our simulations, the temperature Ty is set as 150 K, and
the temperatures of the left and right thermal thermostats are
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setas T, = To(1+A) and Tr = To(1 — A), respectively. Here,
A is the dimensionless temperature difference. For A > 0, the
heat transfer is from left to right, and the heat flux is denoted
by g+ (L-R mode). For A < 0, the corresponding heat flux is
q— (R-L mode).

3. Results and discussion
3.1. Thermal rectification simulation results

Figure 2(a) plots the heat flux versus the dimensionless
temperature difference A. It is clearly seen that the magni-
tude of the heat flux for the L-R mode is always higher than
that in the opposite direction (R-L mode). In the case of the
A >0, g4 increases linearly with A. In the case of A < 0,
the heat flux increases with |A|, then decreases for larger |A|,
i.e., negative differential thermal resistance can be observed in
this system.[*-81 To describe the thermal rectification effect,
the thermal rectification factor vy = |q+|/|¢g—]| is introduced,
where |g| and |g_| are heat fluxes in the favorable and un-
favorable directions, respectively. As shown in Fig. 2(b), the
thermal rectification can be implemented in the whole tem-
perature range, and the thermal rectification factor increases
significantly with |A| (from y=1.2 at |[A| = 0.05 to y = 13.7
at|A| =0.8).
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Fig. 2. (a) Heat flux g and (b) thermal rectification factor y versus di-
mensionless temperature difference A for 7p = 150 K.

3.2. Mechanism for thermal rectification

To study the mechanism of thermal rectification in the
present sandwiched system, the thermal resistance of the sys-

tem is calculated. Figure 3 plots the thermal resistances con-
tributed by the left S—L interface (Riy.1), the confined liquid
in the system (Ryiq,r) and the right S—L interface (Riy;r). The
thermal resistance is calculated by using R = AT /q. Here,
the liquid temperature profile is lengthened to the interface,
and the temperature difference AT is defined as the differ-
ence between the solid temperature and the extended liquid
temperature.**! The thermal resistance of the solid can be ne-
glected owing to its high thermal conductivity with respect to
the thermal conductivity of a fluid. As shown in Fig. 3, the
largest thermal resistance contribution is from the flat surface
(right surface), followed by the ITR of the nanostructured sur-
face. Rjjq,r can be ignored compared to Rjy . and Rjyr. Thus,
the ITR dominates the thermal transport through the system.
In the case of A < 0, both the ITRs of the flat and nanostruc-
tured surfaces increase with |A|. When reversing the tempera-
ture bias (A > 0), the ITRs of the flat and nano-structured sur-
faces are relatively small, and decrease gradually with |A|. As
aresult, the thermal rectification phenomenon can be observed
in the present system, and the thermal rectification factor in-
creases with |A|.
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Fig. 3. The left ITR, Rjy 1., the thermal resistance of the bulk liquid,
RiiqF, and the right ITR, Rjyr, versus |A|. Here 4 and — represent the
L-R and R-L modes, respectively.

The two-dimensional density distributions of fluid
molecules for A < 0 and A > 0 are illustrated in Fig. 4. It is
shown that the density of the fluid molecules inside the nano-
grooves for A = —0.2 is much less than that for A = 0.2, as
shown in Figs. 4(a) and 4(d). For A > 0, the density of fluid
molecules in the nanogrooves increases with |A|. On the other
hand, for A < 0, the fluid molecular density in the nanogrooves
decreases with |A|, and there are almost no liquid molecules
for A = —0.8. For higher |A|, the nano-structured surface is
close to the Wenzel state in the case of A > 0, while in the
case of A <0, it is in Cassie wetting state. Therefore, the
transition between Wenzel and Cassie wetting states can be
observed when reversing the temperature bias, and a signifi-
cant change in the ITR on the nano-structured surface can be
expected.
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Fig. 4. Two-dimensional density distribution of fluid molecules at various dimensionless temperature differences A: (a)—(c) A > 0; (d)-(f) A < 0.
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Fig. 5. The temperature profile of the system along the y-direction for
|A|=0.2and |A| =0.6.

Figure 5 shows the temperature profiles of the system
along the y direction for |A| = 0.2 and |A| = 0.6. The tem-
perature jump in the liquid region is much smaller than that
in the S-L interface due to the low thermal resistance of the
bulk liquid, Rjiqr. Compared with the left solid-liquid inter-
face (nano-structured surface), the right interface (flat surface)
has a higher temperature jump. This is because the ITR on the
flat surface is usually higher than that on the nano-structured
surface.[**! For A > 0, the temperature of the bulk liquid is

close to the high temperature (71, > Tg), which results in a
high liquid pressure, as shown in Fig. 6 (wherein the average
temperature 7 and pressure P of the bulk liquid are plotted).
In this case, the fluid molecules can permeate into the nano-
grooves (i.e., Wenzel state). On the right S-L interface, the
fluid molecules are adsorbed tightly on the solid surface ow-
ing to the high liquid pressure (see Fig. 4) and a well thermal
contact can be expected. Figure 7 plots the ITRs of flat and
nano-structured surfaces as a function of the system pressure.
It can be seen that the thermal resistance decreases with the
system pressure in the form of R «< P% for both flat and nano
surfaces.[*!#?] The power-law exponents of the linear fits are
a; = 0.94 and o = 1.02 for the flat and nano-structured sur-
faces, respectively. Therefore, for A > 0, the ITRs on both the
left and right interfaces are relatively low and gradually de-
creases with increasing A, as shown in Fig. 3. For A < 0, the
liquid is close to the low temperature (71, < TR), then the liquid
pressure is relatively low (see Fig. 6) and the fluid molecules
cannot permeate into the nano-grooves (Cassie state). Mean-
while, the thermal contact is weak on the right surface (see
Fig. 4). Thus, in the case of A < 0, high ITRs on the flat and
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nano-structured interfaces are expected (see Fig. 7), and the
thermal transport through the system can be suppressed. As
a result, with increasing |A|, the thermal transport in the L-R
mode is enhanced while the heat transfer in the opposite di-
rection is suppressed. Then, the thermal rectification factor
increases with |A].
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Fig. 6. The averaged temperature 7 and pressure P of the bulk liquid
profiles for the L-R and R-L modes versus |A]|.

10F

R (10-6 m2K-W-1)

i
" Rint,R

+ _
0.1 ° Rilth v Rint‘L E
1 1 1 1 Ll

Il I I 10
P (107 Pa)

Fig. 7. Interfacial thermal resistances of flat and nanostructured surfaces
versus pressure P of the liquid.

3.3. Thermal rectification effect with varying interfacial
coupling strength, liquid density and nanostructured
surface

The S-L interaction strength, the liquid density and
nanostructure size are important parameters which can affect
the thermal rectification. Here, we set A = 0.6, T = 150 K,
Nr = 1260. To study the effect of S-L interfacial coupling
strength on the thermal rectification, the coupling parameter ¢
is varied from 0.05 to 0.5, which corresponds to surface wet-
tability transition from hydrophobic to hydrophilic. The vari-
ations of heat flux and thermal rectification with parameter ¢
are shown in Fig. 8. The heat flux through the sandwiched
system in both directions increases significantly with the pa-
rameter ¢. Here |g | is always larger than |g_|. However, the
thermal rectification factor decreases with increasing c. The
state transition between Cassie and Wenzel states is related to
the wettability of the interface. For the hydrophilic interfaces,
the fluid molecules can easily flow into nano-grooves owing
to the strong interfacial adsorption. Therefore, the state tran-
sition between Cassie and Wenzel states when reversing the

temperature bias is not significant for large ¢, which results

in a smaller difference in ITRs and lower thermal rectification

factor. 5%

g (108 W-m~—?)

Fig. 8. Heat flux ¢ and thermal rectification factor ¥ as a function of the
solid-liquid interfacial coupling parameter c.
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Fig. 9. Heat flux ¢ and the thermal rectification factor y versus the num-
ber of fluid molecules Ng for |A| = 0.6 and ¢ = 0.05.

The pressure of the system is mainly determined by the
number of fluid molecules, which is another important factor
affecting thermal rectification. Figure 9 plots the heat flux ¢
through the system and thermal rectification factor y versus the
number of fluid molecules (Ng). Here, |A| = 0.6 and ¢ = 0.05.
It can be seen that both |g| and |g_ | increase with Ng. Ther-
mal rectification factor y increases with N for small Ng, and
decreases after reaching a maximal value at about Ng = 900.
In the present paper, the thermal rectification is caused by sur-
face wettability transition between Wenzel and Cassie states.
The Cassie—Wenzel wetting transition is determined by a crit-
ical pressure po, where py is the system pressure.!**°! In this
system (¢ = 0.05), the critical pressure pg is about 8 MPa.
At small N, the pressures of both L-R and R-L modes are
smaller than critical pressure pg (such as Ng = 360, the pres-
sures of both L-R and R-L modes are about 3.2 MPa and
0.43 MPa).
are greater than critical pressure pg at the larger Ng (such as
Nr = 1620, the pressures of both L-R and R-L modes are
about 40.6 MPa and 13.1 MPa). In both cases, there is no
surface wettability transition when reversing the temperature

On the contrary, the pressures of both modes

gradient, which leads to the low thermal rectification factor.
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Therefore, there is an optimal number of fluid molecules in
the system.

In our MD simulation, varying nano-rib structure size
is also considered. Figure 10 plots the influence of nano-
structure size on the thermal rectification effect. The nanos-
tructure is denoted by Sm—Hn, wherein Sm denotes the width
and gap of the nano-rib with m layers of solid atoms, and Hn
denotes nano-rib height with n layers of solid atoms, respec-
tively. The structure shown in Fig. 1 corresponds to S4—H4. It
is found that the thermal rectification ratio can be enhanced
with the decrease of the width and gap of the nanoribs, as
shown in Fig. 10(a). This is because the solid-liquid interface
contact area is increased, which in turn amplifies the liquid
pressure difference between Wenzel and Cassie states and en-
hances the thermal rectification factor. For a fixed gas size, the
solid-liquid interface contact area is reduced for lower nano-
ribs, then the effect of the Wenzel and Cassie states transition
is weak. For the higher nano-ribs, the volume of nano-gap de-
creases and the liquid density increases. Then, according to
Fig. 9, the thermal rectification effect can be weaken. Thus,
there is an optimal nano-rib (S4-H4) to achieve the maximum
thermal rectification efficiency with varying nano-rib height,
as shown in Fig. 10(b).

251 (a) .
20+

15
=

12
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0 0.2 0.4 0.6 0.8

Fig. 10. Thermal rectification factor y versus the temperature different
A with (a) varying nano-rib width and gap size and (b) height size.

4. Conclusions

In summary, we have examined the asymmetric thermal
transport through a solid-liquid—solid sandwiched system with

a nano-structured surface, based on non-equilibrium molecu-
lar dynamic simulations. It is demonstrated that thermal recti-
fication can be implemented and the thermal rectification fac-
tor increases with increasing dimensionless temperature dif-
ference. The wettability transition between Wenzel and Cassie
states when reversing the temperature bias is responsible for
the thermal rectification effect, which leads to a significant
difference in the interfacial thermal resistance and in turn re-
sults in the thermal rectification phenomenon. Further results
show that the solid—liquid bonding strength and liquid density
have a significant impact on the thermal rectification factors.
The thermal rectification factor gradually decreases with the
increase of the solid—liquid bond strength. With varying liquid
density, there is an optimal fluid molecular number, which re-
sults in the maximum thermal rectification factor. The thermal
rectification model proposed in this paper may provide a new

way for designs of thermal management systems.
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